Abstract-This work describes a novel tool, called ICPT (inversion-based coverage prediction tool), for predicting coverage field strength in outdoor cellular network by means of the inversion method. Instead of using the highprecision geometric modeling of wireless environments, the problem of radio propagation prediction is solved by using an inversion of the measured data (under all priori constraints), adapting the system parameters according to the change of radio channels and the characteristics of user behaviors. ICPT undertakes the whole process of coverage calculation by loading GIS (Google Earth), selecting the placement of target area and cells with their characterization, and presenting the results in Google Earth. These tasks are easily carried out due to a friendly graphical interface developed in Visual C++2010. The proposed ICPT system is demonstrated using two applications in real cityZhuhai in China. The results are compared to that obtained by the COST231 model. The system can be used in coverage prediction, network fault diagnosing, as well as automatic drive test.
INTRODUCTION
With the continuous development of mobile communication technology, wireless mobile network frame is more and more complicated, the reasonable coverage is the key to survival for network, the new coverage prediction model are required to take advantage of the existing resources to adapt to complicated network. Researches on radio channel models are ongoing, and many have already been applied practically. Existing radio waves propagation prediction models can mainly be divided into two categories: empirical and theoretical propagation models in [1] . Empirical models use measured data to establish a group of propagation loss equations, therein Okumura -Hata model in [2] and COST231 -Hata model in [3] are the most widely used models and have become one of the reference standards in [4] [5] [6] . Theoretical models basically depend on the propagation theory and Maxwell equation to predict propagation loss, with ray-based methods being more explicitly discussed in [7] . Empirical model is simple and easy to operate, but it completely dependents on local measured data, it will bring uncertainty when blindly transplant to other areas. Even the correction factor, cannot fix the influence of environmental variations completely in [8] . Deterministic models have high precision in calculation but are time-consuming, and need detailed terrain database at the same time, which don't include the influence caused by the time-varying factors in [9] .
Numerous researchers realize the problem and put up some incomplete-certainty theoretical prediction models, such as the physics-statistics model, the non-traditional structured model and frame prediction model in [10] [11] [12] [13] . Experiments show that these methods are feasible. However, those are still generally within the frame of deterministic theory and depend on the electromagnetic wave source, the physical properties of electromagnetic wave propagation environment and boundary conditions from the positive solution. They only simplify the process of abstraction of the physical properties environment in the course of boundary conditions in statistics method.
The above approaches both use a forward estimation to deal with the cell coverage prediction, on the contrary, this page solves the problem inversely on the basis of previous works, i.e. not to establish propagation prediction model and its parameters through a highprecision geometric modeling of wireless environments, but to evolve the system parameters adaptive to the change of radio channels and the characteristics of user behaviors. The method can combine the existing measured data, elastically relies on terrain database, breaks through the deterministic theory framework, overcomes the influence of time-varying problem of theoretical models and weakens the uncertainty of an empirical model being used in other areas. Moreover, the proposed method is timesaving and consumes less resource. The approach does not merely provide an contribution to the high-precision prediction of radio propagation in mobile communication networks, but also will be valuable in the real practice of optimization and planning of mobile communication networks in [14] [15] [16] [17] . In this paper, we describe a coverage prediction system, ICPT, with the inversion method as the main algorithm, being combined with geographic information data provided by Google Earth. Compared to other methods of using expensive geographic information system, the proposed method can drastically reduce the system cost of development as the Google Earth is free. This paper starts with the theory and formulation of the inversion propagation prediction method. The meticulous process in building the ICPT system is then presented. Two applications in Zhuhai City, China, are giving to evaluate the performance of the proposed system.
II. INVERSION PROPAGATION PREDICTION THEORY

A. Propagation Prediction Integral Model Prediction Integral Model
The field strength of a wireless wave is affected by shadow fading S 1 (r, t), caused by rolling terrain, buildings and other obstacles, and the multipath fading S 2 (r, t), caused by multipath propagation. The instantaneous signal value of receiver p r can be expressed as the following formula: 
where P t is the transmitting power of the base station, r and t are the spatial and temporal scales, respectively, n is the propagation loss factor. Shadow fading reflects the slow signal change in a long time or a wide range and belongs to a large scale decline; multipath fading is small scale fading, indicating fast jitters superimposed on the signal slowly fading within a small range or short time. Researches show that the momentary fluctuation in time and space of the instantaneous field strength has no meaning on prediction for stable field strength distribution over communication coverage area in a long time. Median field strength is the only factor that influences the coverage prediction. In other words, for effective field prediction, we must eliminate small scale fading factor S 2 (r, t) in (1).
where P r is the field median of receiving signal after filtering, and propagation loss index and shadow fading are unknown. The propagation loss factor n can be obtained through theoretical models or empirical models considering the measured data fitting. In general, it lies between two and four.When this factor is considered, the focus of the problem lies in S 1 . We define a parameter α(r) called the loss factor, indicating the propagation loss along a unit of propagation distance, in(3), r is the transmission distance. 
The major transmission paths from the base station to mobile equipment are nonlinear. We define a projection operator R i acting on the loss factor:
where α(r) is divided into two parts, α 0 (r) for the propagation loss the unit length on irregular space , and α ' (r) for the local environment of shadow fading, or additional loss.
Equation (5) represents a general model of wireless propagation loss in mobile communication environment. This expression reflects a characteristic of inversion prediction method, namely the elasticity of the terrain database. When a terrain database is used, the projection operator of the integral form can be determined according to such a database auxiliary, especially the integral path. When such a database is not available, the "virtual propagation path" concept can resolve the loss integral equation.
When the BS's antenna is located higher or equal to the surrounding buildings and scattering objects are located uniformly within a circle around the MS, it can be described by the geometrically based single bounce model, in which each multipath component of propagation signals undergoes only one bounce traveling from the BS to the MS. After the multipath components are removed by the spatial filtering approach, the total propagation loss is approximately equivalent to that along the direct path from the BS to the MS, which is called the virtual propagation path $L$ in the following text. Taking these into considerations, the projection operator can be replaced by a line integral, and the propagation prediction integral model can be set up as:
B. Integral Model Discrimination
In order to get the loss factor α(r), the moment method is used to solve the integral equation and involves the following variables:
1) The coverage prediction area is divided into a uniform grid with the total number of N.
2) α(x, y) is used to declare the propagation loss factor in the two-dimensional coordinate (x, y), replacingα(r),.
3) L i represents the ith virtual propagation path from BS antenna to prediction area, and there are M paths in total.
4) P LOSSi (r) is the total propagation loss in the ith virtual propagation path. 
, referencing to the ith virtual propagation path intersects the boundary of the jth pixel and represents the weight of the jth grid to the total propagation loss. If there is no intersection between the ith direct propagation path and the jth pixel, D ij is equal to zero.
By means of the above definition, we will get a series of equality below:
As shown in Fig. 1 ,
is the error caused by series expansion and measurement accuracy, usually ignored for calculation convenience. Grid number N is usually greater than the virtual path M, (9) became a morbid equation. The ART iterative algorithm is typically used to get a solution. An initial value needed for ART iterative algorithm can be obtained from experience propagation model or prior knowledge. 
C. Coverage Reconstruction
When obtaining the distribution of the propagation loss factors within the area by ART, the local mean of the received power at any position within this area can be predicted by:
P is the predicted local mean of the received power in any one of the pixel,
P is the field strength in the intersection of the ith direct propagation path with prediction boundary point A. This will be replaced by real measured data in closest to the point A.
Evaluation of prediction results is a vital part to examine prediction effect. The inversion method itself includes the evaluation process. The reconstructed field strength will accept the inspection by the independent check samples from measured data. Two parameters are commonly used to show the evaluation results: absolute mean error u and standard deviation  . The mean error, kind of system error, predicts the deviation degree being relative to measured data as a whole, and standard deviation reflects the dispersion degree around the median value of prediction results. The smaller the standard deviation is, the more accurate the prediction result is in reflecting the situation of measured data.
III. THE INVERSION-BASED COVERAGE PREDICTION TOOL
The proposed ICPT can handle both prediction and analysis, taking advantage of wave propagation loss inversion prediction method, by means of a friendly interface, developed in VC2010. The program design is object-oriented. The application system architecture is shown in Fig. 2 . The system architecture consists of four modules: GIS for generating prediction area; parameters configuration for antennas; coverage prediction with comparative analysis between inversion method and COST231 model; and results display. All these modules interact to favor data exchange, and show the results graphically through the different windows. 
A. GIS Module
The first step in ICPT is to confirm the prediction area by means of the GIS module. This objective is achieved by using the Google Earth API and measured data.
Google
load in web page file head tags. Second we create DIV elements to put the plugin and establish initialization plugin function. Finally, when web pages are loaded, call the initialization function, and Google Earth can be fully displayed.
In order to determine the prediction area, measured data are needed. The measured data contain the geographic coordinates of received signals. These discrete points have formed a rough shape. We then manually select several appropriate points (usually less than nine points) counter-clock wisely in the internal of the shape, close to the boundary and connect them, forming the polygon boundary of target prediction area. At the same time, KML documents in [19] can be identified by Google Earth. Target prediction area could be calibrated to KML file making in advance by us, then directly loaded.
B. Parameters Configuration Module
Cell characterization before coverage prediction is accomplished in this module. Most coverage prediction models are closely linked with the parameters of cells, such as the height, direction angle, transmission power transmission frequency and so on. These parameters are involved in the calculation. We also use the location, BCCH, BSIC of the cell to identify the uniqueness. All of the parameters are manually add or import the file for the first time, and stored afterwards.
Besides the information of cells' parameters, data in the whole system include the measured data, inspection data, the prediction area boundary, regional discrete information, evaluation results and so on. The data are large and need a good management. Then we choose a MySQL database for data management, which is simple and easy to control. All tables are designed under the premise of data integrity and following the standard and principle of table design.
C. Parameters Configuration Module
The user first selects an active cell among all the cells, and then the propagation prediction model. The proposed inversion propagation method is obligatory. In order to verify the reliability of the inversion method, COST231 model is adopted for comparison. As showed in Fig. 3 , the proposed inversion propagation method starts with the measured data preprocessing, including format conversion, merger, the invalid data rejection and filter. After integral equation solution and coverage reconstruction, the preliminary prediction results will be evaluated. The final results will be output until they meet the demand of precision.
This process is relatively complex compared with the simple formula of the empirical model. So we put the whole inversion propagation method as an independent program, and then compile it into the dynamic link library loading in the core program. We simply need to provide the parameters of the dynamic link library prediction method. The dynamic link library can easily apply update into every module, and not affecting other parts of the system. Other algorithms are also detached parts. New models can be added at any time and will not affect the existing model, so the system can be extended easily. 
D. Results Display Module
This module displays the coverage prediction results. The evaluation results are summed up by prediction error, including absolute error mean value and standard deviation, by comparing with the checking samples stored in a database table. The absolute error mean value shows the system error and the standard deviation presents the precision of prediction. These numerical results are saved in the database and may be converted to a chart, displaying the error of each pixel more intuitively for future analysis.
The coverage prediction results are expressed by received median field, but digital field strength is hard to observe on the topographic map. Then according to a certain relationship, we transform the field strength into color values and put color layer loading to the map. We can see the target area occupied by colors, with the colorbar to identify the levels, ranging from the maximum to minimum values specified in the box in the right. It is easy to confirm the signal coverage through the observation of the region's coverage of color.
After elaborate design arrangement, the main interface of prediction tool IPCT is as shown in figure 4 : while the program is running, Google map will be loaded in the Google map interface place, and then in the menu bar toolbar region, the menu "Region" will help to increase and determine the prediction region, or load the demarcated area through the "KML File Input". The second module, cell parameters will be added by the "cell" menu. Then use the "algorithm" menu to active prediction method before calculation. The entries of target areas and the cells will be loaded in "tree structure" window ("KML tree structure" window shows the information through the KML file loading). If you checked a cell, click on the "show" button under the tree structure, Google Earth will fly to the cell and display the prediction results of the checked cell. 
IV. REAL-CITY APPLICATION
Two applications are presented: urban area with dense residents (Region I) and urban area with general intensive residents (Region II) in the Zhuhai City, Guangdong Province, China. Transmitting antennas are about 30m, which is higher than most of the surrounding buildings (according with circle model) and the slant±45• dualpolarization antennas were selected to perform the application, with a transmitting power of +43dBm, frequency at 900MHz. The receiving antennas were 2.5 m above the ground placed on the top of a test car, and the instantaneous values of the received power could reach a maximum sampling rate of 300 samples per second. The speed of the test car was about 30km per hour. A sampling rate above 40 samples per second can meet Lee's criterion, and synchronous position was located by a GPS receiver.
As is shown in Fig. 5 , red fan symbols stand for cell antennas, yellow triangle points mark the rough boundary of the predicted area and will be used to predict, red dots are independent with the yellow points and will be used to verify the predicted results. data in inversion algorithm, the number of virtual propagation path, is constructed of for 214, 208 and 232, correspond to Cell A, Cell B, and Cell C. COST231 model is used to make comparisons with the same configuration, and the prediction results are displayed in the left part in Fig. 6 , from top to bottom in turn corresponds to Cell A, B and C. The right parts are the results predicted by the inversion method, and COST231 in left.
According to the empirical formula, when the carrier frequency, sending and receiving antenna height are fixed, the received field strength value is only relevant to the distance from transmitting antenna to receiving antenna. So the prediction results of COST231 model present a rule of the gradient coverage. But the predicted results of the inversion coverage are radiated. It matches the characteristics of signal propagation more in an actual communication environment, where signal encounters obstacles on account of the refraction, diffraction, absorption and so on. There are two groups of independent measurement data (red dots in fig5) and a total of 195 points is used to do the error analysis. Table 1 shows all cells' evaluation results, with the two indices--the mean absolute error, and the standard deviation of absolute error, respectively-to evaluate prediction system error and precision degree of prediction.
Thanks to the experience of multiple measurements and the result of constantly adjusting the measurement method and operation steps, the absolute error values of five cells are less than 1dB. The mean absolute error and standard deviation of inversion model of Cell A and Cell B are both less than those of COST231model. The mean absolute error of the inversion method of Cell C is greater than that of cost231model, but the standard deviation of inversion method of Cell C is less than that of COST231model, by2.7dB, signifying the field strength predicted by inversion method are closer to the real value, and are more stable. The application in this area shows that the inversion prediction method can be used in a city of dense residents and the prediction precision is higher than the empirical model. 
B. Application and Evaluation in Region II
Cell E is chosen in region II, aiming to verify whether the inversion algorithm is applicable when the cell is located in the internal of a prediction region. There are a total number of 2648 grids with 20m * 20m sizes, 211 sample points and 365 pieces of effective rays for Cell E. At the same time, Cell D is also chosen, in order to evaluate the influence on the computation speed as the pixel size changes. There are a total number of 5485 pixels with 15m * 15m sizes, 265 sample points, and 243 pieces of effective rays for Cell D. The prediction results of the two cells are shown in Fig. 7 .
When the size of predicting region increases and grid number descends, the computing time will increase, but still in an acceptable range and less than that of theoretical models. Table 1 gives the coverage prediction assessment of Cell D and Cell E. In this area, the situation is very similar to that of Cell C, with greater absolute error of inversion method and smaller standard deviation than that of COST231 model. In addition, the advantage of the inversion prediction method is more evident as the prediction accuracy of Cell E improves by 4.93 dB compared to the empirical model. Meanwhile, in the prediction region internal, Cell E, the error is less than 1 dB, prediction accuracy is 4.01 dB. These data fully comply with system requirements, which show that the inversion coverage prediction method is suitable when the cell is in the prediction region internal. The coverage prediction for region II To summarize, the system is effective in predicting coverage. The inversion prediction algorithm is applicable in all kinds of typical environments, and the prediction precision is high, with an absolute error less than 1 dB, a standard deviation between 3-7 dB. The accuracy of the prediction of this method is better than empirical model. With reduced calculation time and the independence of the terrain information compared with deterministic models, the inversion method is competent for urban mobile communication area coverage of prediction.
C. Multiple Cells Coverage
The above analysis and charts are aimed at a single village, but in actual environment, base stations can be everywhere. Regional wireless signal coverage is completed by more than one cell. In the ideal situation, the coverage area of every base station forms a hexagon, connecting seamlessly between each other. However, in practical, signals from different base stations may mix up with each other, as well as interfere mutually. So studying multiple cells comprehensive coverage and determining its boundary, analyzing main coverage and interference, is important for the coverage prediction. Fig. 8 paints the comprehensive coverage of three cells in region I, with different color distinguishing different cells and corresponding main coverage ranges. Comprehensive coverage of reducing transmitting power
As shown in Fig. 8 , the coverage of red cell and blue cell must be in a certain extent interference, for the near position, in the main coverage area of blue cell, there are strong red signals, it is because of very strong transmitting signal power, or high antenna hanging, or too small angle etc. of the red cell, which cause wrong switch and drop call, and should be eliminated. Figure 9 gives the coverage result after power adjustment (transmitting power of Cell A reduces 3dBm). As can be seen from the graph, in the main coverage area of blue signal, interference from red signal decreases, each district boundary is relatively neat, coverage is optimized. When used for automatic drive test tool, the system can easily combine with automatic drive test data the inversion method. With the help of the coverage results of multiple cells, we can examine the network status, find out network fault and develop corresponding solutions. The combination not only saves the manpower, but also makes the network optimization more intelligent and automatic.
V. CONCLUSION
This paper presents an application of propagation coverage prediction system based on the inversion method. The results of the application of typical environments show that the inversion prediction method is applicable for most wireless environment, and the standard deviation of predicting error is between 3-7 dB. The prediction precision is better than the traditional empirical prediction model, and slightly better than that of the international deterministic prediction model. Due to the use of completely free Google Earth as the terrain supporter, cost of the system is far lower than that of the deterministic prediction model. The system can be used in 2G, 3G and even 4G in the future, as the inversion method has nothing to do with frequency. The system can also be combined with automatic drive test tool, promoting the network optimization intelligence and automatic.
